The structures of continuum states for the s 1/2 , p 3/2 and p 1/2 waves of 5 Li and 5 He mirror nuclei are studied in the complex scaled α + N (N = neutron or proton) two-body model. The resonant, continuum and total terms of the continuum level density and the phase shifts are calculated.
Introduction
We performed calculations using an α + α + n three-cluster model together with the complex scaling method (CSM) [1, 2] , which well reproduces the recently-observed photo-disintegration cross section [3] . The results indicated that the virtual state character of the 1/2 + state plays an important role in formation of the peak structure appearing in the cross section observed above the 8 Be + n threshold. However, the virtual state cannot be directly obtained as an isolated pole solution in the CSM, because the scaling angle in the CSM cannot be increased over the position of the virtual state pole on the negative imaginary axis of the complex momentum plane. A new approach for the CSM to describe the virtual state was proposed, and we discussed the pole position of the virtual state using the continuum level density, the scattering phase shift, and the scattering length calculated in the CSM [4] . The next problem is to calculate contribution of continuum state for partial waves with a resonance state.
For this purpose, we calculate the decomposed continuum level density and the decomposed scattering phase shifts of the low-lying states of 5 Li and 5 He mirror nuclei.
are the appropriate set of basis functions and expansion coefficients, respectively. The complex energy eigenvalues E θ ν are obtained by solving the complex-eigenvalue problem given in Eq. (1). The complex energies of resonant states are obtained as E r = E res r − iΓ r /2, when tan −1 (Γ r /2E res r ) < 2θ.
Continuum level density
The continuum level density ρ(E) of the Hamiltonian H is defined as a function of real energy E
where E i are eigenvalues of H, and summation and integration are taken for discrete and continuous eigenvalues, respectively. This definition of the level density is also expressed using Green's function
where +i 0 indicates the limit +i → +i 0. When the Hamiltonian is described by a sum of an asymptotic term H 0 and the short-range interaction V , the continuum level density ∆(E) for an energy E is expressed in terms of balance between the density ρ(E) obtained from the Hamiltonian H and the level density ρ 0 (E) of continuum states obtained from the asymptotic Hamiltonian H 0 as
The continuum level density is related to the scattering phase shift δ(E) and it can be expressed by the following form in the single-channel case:
Using this relation, we can obtain the phase shift as a function of the eigenvalues in the complex scaled Hamiltonian by integrating the continuum level density.
When we expand the wave functions in terms of the finite number N of the basis states, the discretized eigenstates are obtained with number N and the level density can be approximated
where N = N B + N θ R + N θ c is the total number of N B (bound states), N θ R (resonance states) and N θ c (continuum states) solutions.
Decomposition of scattering phase shifts and continuum level density
The α-N system is described by using the Hamiltonians
where for the α-N potential, we use the so-called microscopic KKNN potential [5] . The pseudopotentialV F = λ|Φ PF Φ PF | is the projection operator to remove the Pauli forbidden states from the relative motions of α-N .
We solve the complex scaled eigenvalue problems for the Hamiltonians of Eq. (8) with θ = 15 • and N = 50 as well. The calculated energy eigenvalues for the s 1/2 , p 3/2 and p 1/2 waves of α-n ( 5 He) system are presented in the lowest panels of Fig. 1 . It can be seen that the s 1/2 wave has one Pauli forbidden state but no resonance. However, one resonant pole of α-n system is obtained: [7] . Using these results and Eq. (7), we calculate not only the total continuum level density but also contributions of the resonance and continuum terms which are shown in the middle panels of Fig. 1 . The 3/2 − and 1/2 − states have their respective peaks, although the peak of the 1/2 − state is not sharp. The 1/2 + state has no peak and negative values due to its repulsive nature. The peaks in the continuum level density of 3/2 − and 1/2 − states appear at the position with the width corresponding to the resonance energy and decay width.
Using the obtained continuum level density, we calculate the phase shift. In the top panels of Fig. 1, we show the decomposed phase shifts of the 3/2 − , 1/2 − and 1/2 + states together with experimental data. We can see good agreement between theoretical and experimental results for each partial waves. The resonance phase shift of 3/2 − increases rapidly due to the small decay width. Although 1/2 − has a larger width, the phase shift of 1/2 − shows a clear resonance behavior beyond π/2. The continuum phase shifts of both states are very similar. This trend seems due to the same p-wave scattering and a small effect of the · s force to the background states. The property of the scattering phase shifts is determined from a sum of resonance and continuum terms. Therefore, the observed resonances depend on not only resonant states as poles but also the contribution from the non-resonant continuum states.
In a similar way as that in the α-n case, we calculate the decomposed continuum level density and the decomposed scattering phase shifts of α-p ( 5 Li) system, which includes the Coulomb interaction. Since the Coulomb interaction has a typically long-range character, the asymptotic Hamiltonian H 0 involves the Coulomb interaction. Using the obtained eigenvalues of 3/2 − , 1/2 − and 1/2 + states, we calculate the decomposed continuum level density and the decomposed scattering phase shifts in the same way as the calculations for 5 He. The calculated results are shown in Fig. 2 These results indicate that the present method to calculate continuum level density is also powerful even for a long-range interaction such as the Coulomb potential.
Summary
Applying Green's function, we can precisely extract the contributions of resonance and continuum terms from the total continuum level density. This analysis clarifies the physical role of resonances and non-resonant continuum states in the observables. We have also shown the application of the CSM to the calculation of the decomposed continuum level density and the decomposed phase shifts. The role of resonance poles on the phase shifts and continuum level densities are discussed.
